Abstract We report the detection of rabbit haemorrhagic disease virus 2 (RHDV2) in the Madeira archipelago, Portugal. Viral circulation was confirmed by RT-qPCR and vp60 sequencing. Epidemiological data revealed the outbreak initiated in October 2016 in Porto Santo affecting wild and domestic rabbits. It was then detected three months later on the island of Madeira. Five haplotypes were identified and a genetic overall similarity of 99.54 to 99.89% was observed between the two viral populations.
Abstract We report the detection of rabbit haemorrhagic disease virus 2 (RHDV2) in the Madeira archipelago, Portugal. Viral circulation was confirmed by RT-qPCR and vp60 sequencing. Epidemiological data revealed the outbreak initiated in October 2016 in Porto Santo affecting wild and domestic rabbits. It was then detected three months later on the island of Madeira. Five haplotypes were identified and a genetic overall similarity of 99.54 to 99.89% was observed between the two viral populations.
Unique single nucleotide polymorphisms were recognised in the Madeira archipelago strains, two of which resulting in amino acid substitutions at positions 480 and 570 in the VP60 protein. Phylogenetic investigation by Maximum Likelihood showed all the vp60 sequences from the Madeira archipelago group together with high bootstraps. The analysis also showed that the Madeira archipelago strains are closely related to the strains detected in the south of mainland Portugal in 2016, suggesting a possible introduction from the mainland. The epidemiological data and high genetic similarity indicate a common source for the Porto Santo and Madeira RHDV2 outbreaks. Human activity related to hunting was most probably at the origin of the Madeira outbreak.
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Rabbit haemorrhagic disease virus 2 (RHDV2), a small fast-evolving RNA virus (mean 5.48 to 7.7 9 10 -4 substitutions/site/year [1, 2] ) belonging to the Caliciviridae family [3] , was first detected in Europe in 2010 [4] . Like the genetically related RHDV that emerged in 1984 [5] , it causes an often fatal haemorrhagic disease (RHD) in European rabbits (Oryctolagus cuniculus) [4, 6] .
Madeira Island was the first region of the Portuguese territory to register RHD following the importation of contaminated rabbit meat from China in 1987 (reviewed by [7] [8] . According to the official veterinary services the size of the wild populations in Porto Santo and Madeira was never estimated, and no census is currently available for the domestic populations. There is no industrial farming in the archipelago, and local backyard rabbitries (for private consumption) contained no more than 10 and 25 rabbits in Porto Santo and Madeira, respectively.
RHDV circulated in Madeira and Porto Santo until at least 2011 and late 2012, respectively (Duarte MD and Costa M, unpublished data). It was subsequently controlled through vaccination.
At the end of 2016, an increase in mortality was registered in the wild rabbits on Porto Santo, and three months later on Madeira. Field investigation revealed that the first casualties occurred in October amongst the wild rabbit population from the central region of Porto Santo (Campo de Cima and Pico do Castelo, 3.5 km apart). In the following weeks, mortality was also seen in other areas, (Dragoal) but this time also affecting domestic rabbits. Three months later, in January 2017, four wild rabbits were found dead in Paul da Serra, the biggest and highest mountainous plateau in Madeira (municipality of Ponta do Sol). At the time, both a farm and pet rabbit (the latter vaccinated twice against myxomatosis and classical RHDV) from the municipalities of Santa Cruz and Funchal, respectively, were also received at the Regional Laboratory of Madeira (Funchal) and sent to the Reference Laboratory for Animal Diseases (INIAV) in Oeiras for diagnosis.
In this study, we analysed ten rabbits (seven wild and three domestic) originating from both islands. Necropsies were carried out at the Regional Laboratory of Madeira. All specimens presented with congestion and haemorrhage of the tracheal mucosa and lungs, confirmed by histopathology performed by standard procedures [9] . In half of the animals (n = 5), the liver was marbled and presented mild discoloration. Renal congestion was observed in most of the animals (n = 8). The microscopic alterations were compatible with systemic coagulopathy and multi-organ failure. Several degenerative and necrotic signs, namely vacuolar degeneration, karyorrhexis and pyknotic nuclei, were observed in the liver and kidneys of most specimens. Virological examination was carried out at INIAV. The presence of RHDV2 was confirmed in the liver samples of all rabbits by molecular methods [10] . RHDV2 had not previously been reported in the archipelago, despite known circulation on the mainland since 2012 [11] , and on the Azores [12] and Tenerife [13] since 2015. All samples tested negative for the myxoma virus (MYXV-DNA) by the method described by Duarte et al. [14] . Sequencing of the PCR product was obtained with primers RHD-9F and RHD-10R [15] , which amplify both RHDV and RHDV2, revealed that RHDV2, and not classical RHDV strains, caused the death of the ten rabbits.
The complete vp60 sequences from seven liver samples, three from Porto Santo and four from Madeira, were obtained using the pairs of primers 27F [16] and 986R [17] and 717F [17] and 10R [15] and submitted to GenBank (accession numbers KY310747-KY310749 and KY783700-KY783703). Two strains from Porto Santo were identical (KY310748, KY310749), differing only in one residue from the third (KY310747) (similarity of 99.94-100%). Two strains from Madeira were also found to be identical (KY783702, KY783703), but diverged from the other two by five (KY783700) and eight residues (KY783701), respectively, corresponding to a genetic similarity of 99.43-100%.
Seven single nucleotide polymorphisms (SNPs) were identified in the Madeira archipelago 2016-2017 strains (supplementary material, Table 1 ). Of these, two were nonsynonymous encoding Asn 480 (n = 6, 85.7%) or Ser 480 (n = 1, 14.3%) and Glu 570 , (n = 7, 100%). None of these amino acids have been detected before in this position, given that a Thr 480 , and less frequently an Ala 480 , are usually found. Similarly, in position 570 only a Gly 570 had been identified to date.
Additionally, six synonymous and two non-synonymous (encoding residues 347 and 369) SNPs were also found in the viruses from the Madeira archipelago, only shared by a few other strains (supplementary material, Table 1 ). Altogether, the seven specific and eight rare SNPs defined a DNA fingerprint for the RHDV2 2016-2017 strains from the archipelago.
Residues Ala 347 , Tyr 369 and Asn 480 /Ser 480 , are located in the P2 sub-domain of the VP60 protein, responsible for virus-host receptor interactions and antigenic diversity [18] [19] [20] [21] . Residue 480 falls within the V7 hypervariable region, one of the regions of the P2 sub-domain where variation among rabbit caliciviruses is higher [22] . Residue Glu 570 is located in the P1 sub-domain of VP60 [22] .
Residues 570 and 480 lay in loops not spatially constrained within the P1 and P2 sub-domains. However, given the different chemical properties and sizes of the replacing aa, their potential impact on the 2D-structure (SS) was explored. The SS of sequences KY310747-48 and KY783700-02 was compared with that of strain FR81978, using the molecule c3zueB as a model (Phyre2 software) [23] . The a-helix predicted at position 492-499 in sequence FR819781 (Ala 480 ) was extended upstream by two residues in sequence KY783701 (Ser 480 ). In the remaining strains, the Asn 480 appears to have abrogated the a-helix, instead folding a b-strand (residues 484-498), Virus Genes (2017) 53:922-926 923
which, if present, did not compromise the virulence or pathogenicity. Maximum Likelihood (ML) phylogeny based on the complete vp60 sequences revealed that the Porto Santo and Madeira viruses cluster together with a bootstrap value of 100 (Fig. 1a) , confirming their higher genetic similarities (99.54-99.89%), low genetic distances, low average number of nucleotide differences and substitutions (3.667, supplementary material Table 2 ), and the null number of fixed differences between these populations (supplementary material Table 2 ). Since 2012, there are no records of legal live rabbit trading into Porto Santo or Madeira and rabbit meat is received mainly from the mainland, although it is sometimes imported from a few European Union (EU) Member States (France and Spain). Entrance of the virus through contaminated meat or rabbit by-products is therefore highly unlikely due to sanitary control. However, the intense human movement between the Madeira archipelago and the Portuguese mainland constitute a risk factor for virus introduction. The short time gap between the two outbreaks suggests that the virus entered the archipelago through Porto Santo from where it disseminated to was chosen as outgroup to root the trees. In both trees each letter represents a particular sequence or a group of sequences whose detailed information is shown in supplementary Table 3 . With exception of groups l, m, n, o and p, which are pointed in both trees, the country/region of origin and year of collection is highlighted only in the concatenated sequences-based tree (b). c Geographic map with the relative location of the Madeira (red), Azores (green) and Tenerife (purple) archipelagos with relation to mainland Portugal (Western Iberia) and Africa. The location of Barrancos is shown by a black circle in the mainland territory. To allow comparison, the same colour code for strains is used in both trees. d Close-up of the Madeira archipelago strains with the accession numbers of the sequences Madeira. On Madeira and Porto Santo, wild rabbits are small game species and hunting represents a significant local recreational activity. Porto Santo is a popular destination for this activity and hunters from Madeira generally take their hunting trophies back home, a high-risk practice that may have led to the island's outbreak three months after RHDV2 emerged in Porto Santo. Our study suggests that the Madeira archipelago viruses may have originated from mainland Portugal, or share a recent common ancestor with the strains identified in the southern Alentejo region (NUT II PT 18) in 2016 (Fig. 1a,  b) . This relationship is also evidenced by the genetic data (supplementary material, Tables 1 and 2 ). However, the lack of detailed classical epidemiologic information and the relatively high average number of nucleotide differences (34.333 and 37.000, supplementary material Table 2) found between the Barrancos 2016 and Madeira archipelago virus populations hampers the establishment of a confident direct link between the two outbreaks.
Since RHDV2 was registered in Tenerife in 2015 [13] , and given its relative proximity with the Madeira archipelago, introduction from the Canaries was also considered. This possibility was discarded after assessment through a ML-tree based on concatenated vp60 sequences, constructed as described by Martin-Alonzo et al. [13] as only partial vp60 gene sequences from Tenerife were available. The Tenerife sequences grouped together in a different cluster, distant from the Madeira archipelago group. They appear to be more closely related to RHDV2 strains found in Spain (KP129395) and in the north of Portugal (KM979445) in 2012, or even with strains from south and central mainland Portugal (found between 2013 and 2015) (Fig. 1b) , than with the Madeira or Barrancos 2016 strains. Furthermore, none of the amino acids Asn 480 / Ser 480 and Glu 570 , the genetic markers of the Madeira strains, were present in the Tenerife strains.
The identification of two identical strains (KY310748 and KY310749) in both wild and domestic rabbits from Porto Santo, found dead within a short timeframe, provides evidence on the rapid transmission between these populations.
New RHDV2 outbreaks continue to be reported in Europe (e.g. Norway, Sweden, Finland) [24] , and in Africa (Tunisia) [24] and Australia [25] . Seven years after its first detection, RHDV2 deeply affected the three archipelagos of the Macaronesia, demonstrating the rapid dissemination of the virus beyond continental Europe and raising concerns regarding the spread of the virus to nearby African countries.
